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1. 秋茄和桐花树能够从培养液中吸收 Phe 和 Pyr，并且能够将根系吸收的
PAHs 向叶片运输。吸收的 PAHs 主要集中在根系中，叶片中较少，两种红树植
物叶片中的 Phe 和 Pyr 含量在 8 d 内均快速增加。秋茄叶片中的 Phe 含量高值
9.8968 ± 0.3003 mg kg-1 出现在 20 mg L-1 处理组，Pyr 的高值 0.9369 ± 0.0141 mg 
kg-1，也见于 20 mg L-1 处理组；桐花树叶片中 Phe 和 Pyr 的 高值也出现在 20 mg 
L-1 处理组，含量分别为 9.8968 ± 0.3003 mg kg-1 和 2.6658 ± 0.1149 mg kg-1。 21 d
后，PAHs 的含量均有显著的降低，说明在红树植物体内存在明显的 PAHs 降解
或挥发。秋茄根系中的 PAHs 含量随处理浓度提高而增高，在 20 mg L-1 处理组
出现高值 10.8443 ± 0.1839 mg kg-1，在 40 mg L-1 中稍有降低，而桐花树根中的
PAHs 含量则与处理浓度呈正相关。秋茄和桐花树的 PAHs 根叶传导系数均与处
理浓度呈明显的负相关，传导系数较小。其中 Phe 的传导系数比 Pyr 高，这与两
者的结构和理化性质有关。秋茄的传导系数低于桐花树的传导系数，说明了 PAHs
更多地在秋茄根部累积，桐花树根向叶片的 PAHs 传导则较秋茄多。 
   2. 通过荧光显微镜观察红树植物叶片中 PAHs 的分布状况也进一步证明，红
树植物根部吸收的 PAHs 能够向叶片运输并在叶片中储存，随处理浓度增高出现
先增后减的趋势与气相质谱检测趋势一致。并且初步证明，从根部运输进入叶片
的 PAHs 主要储存在叶片的维管束及附近的海绵组织中，在其他组织中较少。 
3. 在 Pyr 胁迫下，根系与叶片中 SOD 含量显著高于对照，而在 5 mg L-1 与
















20 mg L-1 处理组出现高点：秋茄根尖 1656.8 ± 58.9 unit g-1 min fw，叶片 2165.5 ± 
286.4 unit g-1 min fw；桐花树根尖 946.3 ± 65.8 unit g-1 min fw，叶片 1445.6±120.7 
unit g-1 min fw。POD 含量也有相似的先升后降的规律，在 20 mg L-1 处理组达到
高值：秋茄根尖 735.0 ± 23.6U g-1，叶片 1698.2 ± 164.2 U g-1；桐花树根尖 786.5 
± 74.7 U g-1，叶片 1155.9 ± 115.6 U g-1。不同浓度的 Pyr处理对叶片与根尖中MDA
含量均有显著影响，叶片 MDA 含量高于根尖中 MDA 含量。实验结果表明 PAHs
胁迫处理对叶片的膜脂过氧化程度大于根尖。 
4. 与对照相比，Phe 胁迫 SOD 相对活性随胁迫浓度的上升而上升，但高浓
度则有下降趋势, 但与对照相比有显著提高。POD 活性表现出与 SOD 相似的规
律, 胁迫浓度达到 20mg kg-1 时 POD 相对活性显著增加, 达到 高值。表明 Phe
胁迫红树体内清除活性氧及 H2O2 的能力都明显增强, 但高浓度胁迫使其清除能
力呈下降趋势。 






件为：色谱柱为 XB-18 (5μm, 4.6×250 mm)，流动相为 25 mmol L-1 的
H3PO4-KH2PO4 缓冲液，pH 为 2.3，流速为 1.0 mL min-1，进样量为 20 μl，柱温




树根系分泌量 大的低分子量有机酸，占根系分泌低分子量有机酸的 50%以上。 
 

















Polycyclic aromatic hydrocarbons (PAHs) are common and serious pollutants in 
estuarine mangrove areas. The aims of this study were to investigate the way of PHAs 
transportation and mangrove tolerance mechanisms. By application of gas 
chromatography mass spectrometry, high performance liquid chromatograph and 
fluorescence detection, this study focus on 3-ring (Phentermine, Phe) and 4-ring 
(Pyrene, Pyr) PAHs uptake, transportation and distribution in two mangrove species 
Kandelia obovata(KO) and Aegiceras corniculatum (AC). The physiology responds of PAHs 
stress especially in changing on enzyme system (SOD, POD), secondary metabolites 
(tannin species and contents), and root exudates’ low molecular organic acids. The 
main results are showing as following: 
1. KO and AC can absorb Phe and Pyr from the culture medium, and have the 
ability to transport the PAHs form root to leaves. PAHs are mainly concentrated in 
roots. After 8 days of treatment，the contents of PAHs were increasing rapidly .The 20 
mg L-1 treatment has the highest contents of Phe (9.8968 ± 0.3003 mg kg-1). Pyr 
peak-value (0.9369 ± 0.0141 mg kg-1) was also found in 20 mg L-1 Pyr treatment. 
After 21 days treatment, the contents of PAHs were significantly decreased, indicating 
that mangrove plants in the presence of PAHs in significant degradation or 
volatilization. The contents of PAHs in the roots of KO increased with the increasing 
PAHs supply. The highest value of PAHs in KO roots was found in the 20 mg L-1 
treatment which was 10.8443 ± 0.1839 mg kg-1. Compare with 40 mg L-1 treatment, 
the contents of PAHs slightly lower at the highest concentration treatments. The 
contents of PAHs in AC roots and the contents in treatment solutions were positively 
correlated. The transmit factors (TF) of roots-to-leaves in KO and AC showed a 
significant negative correlation with the supplied PAHs contents. The Phe TFs was 
higher than Pyr TFs because of the differences of structure and physicochemical 
properties between Phe and Pyr. The TFs of KO were lower than that of AC, this 
indicates most PAHs are accumulate in KO roots. However, both PAHs transport from 















2. Fluorescence microscope revealed that PAHs absorbed by the roots of 
mangrove plants can transport to the leaves and store in them. And the leaves’ PAHs 
content increased at first and then dropped when the PAHs treatment concentration 
increased constantly, similarly to the result of mass spectrometry. Fluorescence 
microscope also proved PAHs in the leaves that mainly stored in the vascular bundles. 
3. Under Pyr stress the SOD content of roots and leaves was significantly higher 
than those of controls, and in 5 mg L-1 and 10 mg L-1 treatment groups, there were no 
significant differences. High concentrations treatment (20 mg L-1 and 40 mg L-1) 
groups, the SOD contents of root tip and leaves of KO are both significantly higher 
than the control and low level treatment groups, AC also showed a similar trend. In the 
20 mg L-1 treatment group appear a high spot: the KO root tip 1656.8 ± 58.9 unit g-1 
min fw, leaves 2165.5 ± 286.4 unit g-1 min fw root tips of AC 946.3 ± 65.8 unit g-1 
min fw, leaves 1445.6 ± 120.7-1 unit g-1 min fw. POD content first increased and then 
drop rule which is similar to the SOD content and in 20 mg L-1 group it reached the 
highest content: the KO root tips 735.0 ± 23.6 U g-1, leaves 1698.2 ± 164.2 U g-1, the 
AC root tips 786.5 ± 74.7 U g-1, leaves 1155.9 ± 115.6 U g-1. Different concentrations 
of Pyr treatment both had significantly influence on the MDA content in root tips and 
leaves. MDA content in the leaves was higher than in the root tips. The experimental 
results showed that the PAHs stress had a greater effect on leaves than root tips of the 
lipid peroxidation. 
4. The activity of SOD increased with the increasing concentration of Phe supply. 
POD and SOD activity showed a similar law. When the stress concentration reached 
to 40 mg L-1, the POD activity and the concentration of MDA increased significantly.  
The POD activity and the contents of MDA were increased with the Phe supply. When 
the Phe supply reached to 20 mg L-1, Both of POD activity and MDA contents were 
the highest. But in the high concentration treatments (40mg L-1，80 mg L-1), they 
decreased slightly. It showed that the abilities of removing reactive oxygen species 
and H2O2 were significantly enhanced. However, they declined in high concentration 
of treatments. 















mangrove plants, this suggested that mangrove plants synthesized them to enhance the 
antioxidant which can reduce the mischief. This study indicated that the contents of 
main components tannin increased under the PAHs stress. The main components of 
tannins in KO were the soluble condensed tannins and the cellulose with condensed 
tannins. With a contrast to KO, the total polyphenols and the soluble condensed 
tannins were observed in AC. The contents of the cellulose condensed tannins in KO 
were much higher than those in AC. 
6. An HPLC method was developed for the determination of low molecular 
weight organic acids in mangrove root exudates. Reversed-phase column (XB-18, 
5μm, 4.6×250 mm) was used for the separation and quantification of 7 
low-molecular-mass organic acids (malic, malonic, lactic, acetic, maleic, citric, 
cis-aconitic, succinic, fumaric, and trans-aconitic) in plant root exudates. A mobile 
phase of 93% 25 mmol L-1 H3PO4-KH2PO4 at pH 2.3 and at a flow-rate of 1.0 mL 
min-1 with column temperature at 30 ℃ resolved all 7 acids on a C18 column. Oxalic 
acid was found in all samples and was present in the highest concentration. High 
concentration of lactic acid was also identified in most root exudates under PAHs 
supply. The suite of organic acids identified in the PAHs treatment was more complex 
than in the CK. Different mangrove species secrete different species and quantities of 
organic acids. And the same mangrove specie can secrete different types of low 
molecular weight organic acids under different PAHs stress. 
 
Key words：Polycyclic aromatic hydrocarbons; mangrove; anti-oxidative enzyme 
















PAHs     polycyclic aromatic hydrocarbons             多环芳烃 
Phe       Phentermine                              菲 
Pyr       Pyrene                                   芘 
KO       Kandelia obovata                          秋茄 
AC       Aegiceras corniculatum                     桐花树 
ASE      accelerated solvent extraction                 加速溶剂萃取 
Kow          Octanol-water partition coefficients            辛醇-水分配系数 
FM       Fluorescence Microscope                    荧光显微镜 
SOD      Superoxide Dismutase                      超氧化物歧化酶 
POD      Peroxidase                               过氧化物酶 
MDA     Malondialdehyde                           丙二醛 
GC-MS   Gas Chromatography-Mass Spectroscopy       气相色谱-质谱联用 














第一章 序 论 
1 
第一章 序 论 
1.1 PAHs 概述 






处理条件下 (>700 ℃)或不完全燃烧产生[2]。自然来源的 PAHs 在环境中占的比例






强[5, 6]。世界各国制定了相关法律来控制 PAHs 对人类生活环境的危害：我国饮
用水卫生标准规定，苯并[a]芘在水中的含量应小于 0.01 μg L-1；而世界卫生组织
拟定的饮用水中6种有代表性的可接受的 高浓度为0.02 μg L-1。共有16种PAHs
被美国环保局(US-EPA)确定为优先控制污染物，要求它们的总量不得多于 0.2 μg 
L-1[7]。欧盟把 6 种 PAHs (Fl, B[b]Fl, B[k]Fl, B[a]Py, B[ghi]Pe 和 I[1,2,3-cd]Py)作为
目标控制污染物。 
 
1.2 PAHs 污染的现状 
1.2.1 空气中的 PAHs 污染状况 
Halsall 等[8]在 1991.1-1992.12 两年间收集并分析了伦敦、曼彻斯特、加的夫
及轻工业城 Stevenage 空气颗粒物、气相中的 15 种 PAHs，结果表明伦敦空气中
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